Temperature, which is an important environmental factor in broiler farming, can significantly influence the deposition of fatty acids in muscle. 300 one-day-old broiler chicks were randomly divided into three groups and reared at high, medium and low temperatures (HJ, MJ and LJ), respectively. Breast muscle and jejunal chyme samples were collected and subjected to analyses of fatty acid composition and 16S rRNA gene sequencing. Through spearman's rank correlation coefficient, the data were used to characterize the correlation between jejunal microbial diversity and muscle fatty acid deposition in the broilers. The results showed that Achromobacter, Stenotrophomonas, Pandoraea, Brevundimonas, Petrobacter and Variovorax were significantly enriched in the MJ group, and all of them were positively correlated with the fatty acid profiling of muscle and multiple lipid metabolism signaling pathways. Lactobacillus was significantly enriched in the HJ group and exhibited a positive correlation with fatty acid deposition. Pyramidobacter, Dialister, Bacteroides and Selenomonas were significantly enriched in the LJ group and displayed negative correlation with fatty acid deposition. Taken together, this study demonstrated that the jejunal microflora manifested considerable changes at high and low ambient temperatures and that jejunal microbiota changes were correlated with fatty acid deposition of muscle in broilers.
findings demonstrated that the microbiome in jejunum may be a highly relevant target in our efforts to solve the problems associated with fat deposition.
Environment and management related stresses become more severe under intensive poultry farming conditions where selection of birds with higher production performance and better feed conversion efficiency makes them more vulnerable to heat stress and necessitates careful management and preventive steps to decrease possible loss 11, 12 . Significant shifts in proportions of fecal microbial population were seen on mice when maintained under the cold environment with higher ratio of Firmicutes/Bacteroidetes 13 . These studies suggest that changes in gut microbiome diversity and/or richness at varied environment temperatures have shown to be associated with fat acid deposition. However, little is known about underlying mechanism that gut microbiota regulate the fatty acid metabolism in broilers at different environmental temperatures. Thus, this study aims to explore the links of microbial diversity and fatty acid composition in broilers raised at different ambient temperatures, thereby providing experimental evidence to understand on how environmental temperatures affect the health and growth performance of broilers via modulation of intestinal microbiota.
Results
Fatty acid deposition in breast muscle. As shown in Table 1 , the contents of polyunsaturated fatty acid (PUFAs), n-3 PUFAs, n-6 PUFAs, C18:0, C18:2n6c, C18:3n6, C20:2, C20:3n6, C20:3n3 and C22:6n3 in breast muscle of the MJ group were significantly higher (P < 0.05) than those in both HJ and LJ groups. Lower monounsaturated fatty acids (MUFA), C16:1, C16:1, C18:ln9c, C20:1 and C18:3n3 of breast muscle in LJ group were observed (P < 0.05) compared with the MJ group. As such, both high and low temperature treatments affected fatty acid composition in breast muscle.
Analysis of microbial diversity. In total, 1,926,570 clean reads were generated from the 36 jejunal samples, which yielded an average of 53,515 clean reads (35, 441 ) per sample and an average length of 422 bp clean reads. To minimize the effect of the sequencing depth on the measurement of microbial compositions, the library size was rarefied to 32,296 reads per sample using the QIIME pipeline (Supplementary Table S3 ). With the sequence similarity of at least 97%, 943, 885 and 1123 OTUs were obtained from HJ, MJ and LJ groups and the proportion of core microbiota in the jejunal contents of broilers was 50%, 53% and 42%, respectively (Fig. 1) . The diversity indices were calculated based on the OTUs of each library (Supplementary Table S4 ). As shown in Fig. 2 , the index of chao1, observed species and PD whole tree in the LJ group were significantly higher (P < 0.05) than those in the MJ group; the LJ group had the highest indices of Shannon and Simpson (P < 0.05). In comparison, there were no significant differences in diversity indicators between the HJ group and MJ or LJ group except that Means in the same row with different superscripts are significantly different. (P < 0.05); n = 8 per treatment group; SFA -saturated fatty acid, PUFA -polyunsaturated fatty acid, MUFA -monounsaturated fatty acid. the Good's coverage in the MJ group was significantly higher (P < 0.05) than those in the HJ group. Overall, our data showed that the low temperature stress increased jejunal microbial diversity.
Comparison of jejunal bacterial composition at both phylum and genus levels. At phylum level, 23 taxa were identified in the LJ group, as were 18 taxa in the HJ group and 17 taxa in the MJ group, respectively ( Supplementary Fig. S1 ). Overall, the jejunal samples from the three groups were all dominated by four phyla, namely Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria, which together accounted for 99.24%, 99.13% and 97.87% of the total abundance, respectively. The temperate treatments clearly affected the bacterial composition of jejunum. For example, 86.95% of the jejunal bacteria in the HJ group belonged to Firmicutes and the proportion was significantly higher than that of the MJ group (P < 0.05). In the low temperature group, Firmicutes was also the most abundant phylum with a proportion of 46.2%, followed by Proteobacteria (35.66%). In contrast, the jejunum of broilers in the MJ group was dominated by Proteobacteria (57.69%), followed by Firmicutes (37.14%). The proportion of Bacteroidetes were significantly different between the LJ and MJ samples (LJ > MJ, 13.63% versus 3.23%, P < 0.05). Meanwhile, the ratio of Firmicutes/Bacteroidetes was 14.92, 11.48 or 3.38 in the HJ, MJ or LJ groups, respectively (Fig. 3) .
The genera identified in all jejunal samples were Lactobacillus, Escherichia/Shigella, Bacteroides, Clostridium XI and Faecalibacterium (Supplementary Fig. S2 ). The relative abundances of Achromobacter (8.69%), Amphibacillus (0.12%), Brevundimonas (1.71%), Cupriavidus (0.02%), Herbaspirillum (0.05%), Pandoraea (36.89%), Petrobacter (0.35%), Stenotrophomonas (0.84%) and Variovorax (5.31%) were significantly higher in the MJ group than those of the HJ and LJ groups. In comparison with the MJ group, the genera enriched in the HJ were Aquamicrobium (0.11%), Blautia (0.03%), Devosia (0.07%), Dietzia (0.02%), Facklamia (0.05%), Kitasatospora (0.16%), Lactobacillus (40.76%), Parabacteroides (0.22%), Streptophyta (0.28%) and Turicibacter (0.19%), whereas those enriched in the LJ group were Acidaminococcus (0.10%), Akkermansia (0.27%), Aquabacterium (0.01%), Bacteroides (4.82%), Brachymonas (0.005%), Clostridium XlVb (0.26%), Dialister (0.53%), Gemmatimonas (0.04%), Methanobrevibacter (0.68%), Pseudoflavonifractor (0.028%), Pseudoramibacter (0.04%), Pyramidobacter (0.004%), Ruminococcus (0.15%), Selenomonas (0.09%) and Succinivibrio (0.01%), respectively (Fig. 4) .
Structures and functions of the broilers jejunal microbiota. In order to find the specific bacterial taxa associated with the different temperature treatments, Linear discriminant analysis Effect Size (LefSe) analysis was performed to compare the jejunal microbial compositions in the HJ, MJ and LJ groups. The most differentially abundant phylotypes between the HJ, MJ and LJ groups are shown in Fig. 5 . The phylotypes enriched in the MJ group comprised one phylum (Proteobacteria), three classes (Betaproteobacteria, Alphaproteobacteria and Cyanobacteria), three orders (Burkholderiales, Caulobacterales and Xanthomonadales), five families (Burkholderiaceae, Alcaligenaceae, Comamonadaceae, Caulobacteraceae and Xanthomonadaceae) and eight genera (Pandoraea, Achromobacter, Variovorax, Brevundimonas, Cupriavidus, Stenotrophomonas, Herbaspirillum and Amphibacillus. In addition, the phylotypes enriched in the LJ group included four phyla (Bacteroidetes, Euryarchaeota, Gemmatimonadetes and Verrucomicrobia), five classes (Bacteroidia, Methanobacteria, Gemmatimonadetes, Verrucomicrobiae and Deltaproteobacteria), five orders (Bacteroidales, Methanobacteriales, Gemmatimonadales, Verrucomicrobiales and Desulfovibrionales), eight families (Lachnospiraceae, Ruminococcaceae, Succinivibrionaceae, Methanobacteriaceae, Gemmatimonadaceae, Verrucomicrobiaceae, Desulfovibrionaceae and Eubacteriaceae), nine genera (Brachymonas, Succinivibrio, Pyramidobacter, Acidaminococcus, Pseudoramibacter, Pseudoflavonifractor, Selenomonas, Dialister, Methanobrevibacter, Gemmatimonas, Akkermansia and Clostridium XlVb). Lastly, the phylotypes enriched in the HJ group The functional analysis could shed light on the metabolic differences between the jejunal microbial communities in the HJ, MJ and LJ groups. Based on the PICRUSt-based functional prediction, there were clear differences in the KEGG Orthologs (KO) in the jejunal microbiota between three groups. Overall, twenty-eight signal pathways were significantly different between the HJ, MJ or LJ groups (P < 0.05 and LDA > 2) (Fig. 6 ). Of the three temperature treatments, the medium temperature exhibited the greatest impact on metabolic pathways of jejunal microbiota. The pathways enriched in the MJ group were related to metabolism (e.g., metabolism of terpenoids and polyketides, metabolism of other amino acids, lipid metabolism, xenobiotics biodegradation and www.nature.com/scientificreports www.nature.com/scientificreports/ metabolism), environmental information processing (e.g., signal transduction, membrane transport), cellular processes (e.g., cell motility), human diseases (e.g., neurodegenerative diseases, cardiovascular diseases), and host physiology (e.g., excretory system, endocrine system, circulatory system). In comparison, ten pathways were www.nature.com/scientificreports www.nature.com/scientificreports/ enriched in the HJ group, which were associated with environmental information processing (e.g., signaling molecules and interaction), metabolism (e.g., nucleotide metabolism, enzyme families), cellular processes (e.g., cell growth and death), human diseases (e.g., metabolic diseases, infectious diseases), and gene regulation (e.g., genetic information processing, replication and repair, translation, transcription). The low temperature treatment had a relatively low impact on pathways, as six pathways were enriched in the LJ group, which were related to metabolism (e.g., amino acid metabolism, metabolism of cofactors and vitamins, glycan biosynthesis and metabolism), host physiology (e.g., nervous system, immune system), and cellular processes (e.g., transport and catabolism). Hence, the different temperature treatments greatly affected the jejunal microbial functions of the broilers.
The association of microbial composition, fat acid deposition and metabolic pathways. To investigate the correlation between alterations in jejunal microbial composition and host fat acid deposition in the broiler reared at different temperatures, a heatmap of dominant genera and fatty acid contents was constructed for the HJ, MJ or LJ groups (Fig. 7) . Complex interactions between microbes and fatty acid contents were revealed in the broilers of the MJ group. For example, Achromobacter was positively correlated with the contents of C17:0, n-3 PUFA, C22:6n3, C20:3n3, C20:0, C20:3n6 and C18:0; Amphibacillus was positively correlated with the contents of C20:2, C20:3n6 and C20:3n3; Brevundimonas was positively related with the contents of C17:0, n-3 PUFA and C20:3n3; Pandoraea was positively correlated with the contents of C17:0, n-3 PUFA, C20:3n3 and C22:6n3; Petrobacter was positively associated with the contents of C20:3n6 C22:6n3 and n-3 PUFA; Stenotrophomonas was positively correlated with the contents of C17:0, C20:3n3, n-3 PUFA, C22:6n3, C20:3n6, C18:0 and C20:2; Variovorax was positively related with the contents of C17:0, n-3 PUFA, C20:3n3 and ratio of PUFA:SFA. Lactobacillus in the broiler jejunum of HJ group was positively correlated with the contents of C20:1, www.nature.com/scientificreports www.nature.com/scientificreports/ C14:0, C16:1, C18:2n6c, n-6 PUFA, C14:1, C18:3n6, C15:0 and C16:0, whereas Parabacteroides was negatively correlated with the ratio of PUFA: SFA in the breast muscle. In the broilers maintained at the low temperature, the correlations between bacteria in the jejunum and fatty acid contents in breast muscle were very different from that of the MJ and HJ groups: Pyramidobacter was negatively correlated with the contents of C20:3n3, C20:3n6, n-3 PUFA and C20:2; Dialister was negatively correlated with the contents of C14:1; Bacteroides was negatively with the contents of C18:3n3; Selenomonas was negatively with the ratio of PUFA:SFA; Akkermansia was positively correlated with the contents of C18:0 and C20:0. Hence, the high and low temperature treatments clearly affected the correlations between the jejunal microbiota and muscle fatty acid contents.
To further examine the underlying mechanisms whereby jejunal genera were implicated in fatty acid deposition in the muscle, the dominant genera associated with fatty acid deposition were first selected and the pathways enriched at L2 level were identified (Fig. 8) . In the MJ group, there were positive correlations between genera of Achromobacter, Stenotrophomonas, Pandoraea, Brevundimonas, Petrobacter and Variovorax and multiple pathways such as circulatory system, cardiovascular diseases, xenobiotics biodegradation and metabolism, metabolism of other amino acids, neurodegenerative diseases, signal transduction, lipid metabolism, transport and catabolism, endocrine system and excretory system signaling pathways. In the HJ group, Lactobacillus was negatively correlated with metabolism of terpenoids and polyketides, amino acid metabolism and signaling molecules and interaction signaling pathways. In the LJ group, Akkermansia and Bacteroides were positively correlated with immune system, metabolism of cofactors and vitamins, glycan biosynthesis and metabolism signaling pathways. As such, the complexity of microbe-pathway associations was relatively low in both the HJ and LJ groups in comparison with that of the MJ group.
Discussion
The proximal small intestine serves as the major region of macronutrient digestion and absorption, whereas jejunum is a structurally and functionally distinct region of the alimentary tract that connects the upper portion of the small intestine (duodenum) to the lower portion of the small intestine (ileum). Complex interactions among dietary cues, gut endocrine responses, bile release, exocrine function of the pancreas, and absorptive enterocyte function are indispensible for efficient absorption of lipids and other dietary nutrients. Studies based on high-throughput sequencing were used to investigate the gut microbial diversity in the small intestine of poultry 14 . For example, it has been reported that the gastrointestinal microbiota in broilers was predominantly occupied by members of Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria [15] [16] [17] . Firmicutes and Proteobacteria, which dominate in the small intestine, have been shown to be more tolerant of environmental influences. Bacteroidetes was resistant to bile but its abundance reduced in the small intestine and increased in the large intestine [18] [19] [20] . However, few studies have investigated the effects of ambient temperature on the interaction www.nature.com/scientificreports www.nature.com/scientificreports/ between fatty acid deposition and gut microbiota in broiler. In this study, we used high-throughput sequencing analysis to examine whether different temperatures affected jejunal microbiota, fatty acids deposition of breast muscle, and their correlations. In comparison with the MJ-treated broilers, those in the HJ group displayed a significant increase in Firmicutes by 49.81% (P < 0.01). This is consistent with a previous study that high ambient temperature (31 ± 1 °C) increased Firmicutes abundance 21 . Firmicutes represents the largest group of the gut microbes in mouse and human 22 and many species in the phylum are able to produce endospores, which are resistant to desiccation and other harsh conditions 23 . Firmicutes has been shown to be involved in energy resorption and is potentially related to the development of diabetes and obesity in human [24] [25] [26] . Our results and these previous studies concur to suggest that the significantly increased abundance of Firmicutes could be beneficial for broilers to adapt and grow healthy at high ambient temperature. On the other hand, jejunal Bacteroidetes exhibited significant increase in relative abundance (10.40%) in broilers maintained at the lower temperature compared with that of the MJ group. Taken together, the temperature-dependent dynamics of Firmicutes and Bacteroidetes may help broilers to adapt to the changes of ambient temperature.
Gut Bacteroidetes has been reported to be associated with degradation of high molecular weight organic matter, i.e., proteins and carbohydrates, in human or animals 27 . Members in Bacteriodetes can break down starch and other polymeric substances via producing α-amylase, α-1,2-mannosidase and endo-1,4-β-mannosidase 28 . In addition to digestive function, Bacteroidetes in the gut has also been linked to multiple metabolic functions including nutrient digestion and calories absorption 29 . In addition, intestinal Bacteroidetes may have the potential in ameriolating metabolic syndrome, mood impairment and neurologic disorders, probably through modulating immune responses, affecting nutrients metabolism and regulating the gut-brain-axis [30] [31] [32] . In comparison with that of the MJ group, the jejunal Firmicutes/Bacteroidetes ratio in the broilers of HJ group increased and in the LJ group decreased. Enhancement in Firmicutes/Bacteroidetes ratio was shown to be related to fat deposition positively and weight loss negatively in human 33, 34 . Members in Firmicutes are involved in butyrate and propionate synthesis, as are microbes of Bacteroidetes in propionate synthesis, thereby facilitating short chain fatty acid metabolism 27 . For human, chicken meat is one of the main sources of PUFA, especially n-3 PUFA, and its fatty acid composition is modulated by altering lipid intake and absorption levels 35, 36 . In addition to n-3 PUFAs, chicken meat also contains other fatty acids including C18:3n-3 (α-LA), C20:5n-3 (EPA) and C22:6n-3 (DHA), which have health benefits in preventing brain, retina and cardiovascular diseases [37] [38] [39] . Meanwhile, it has been demonstrated that n-3 PUFA exhibited curative effects on bronchial asthma, neuropsychiatric disorders and cognitive brain function in children and can also prevent future cardiovascular events in adults 40 . In our study, the contents of total PUFAs, n-3 PUFAs, n-6 PUFA, C16:0, C17:0, C18:2n6c, C20:2, C20:3n6, C20:3n3 and C22:6n3 in breast muscle of broilers from the MJ group were significantly higher (P < 0.01) than those in the both HJ and LJ groups. Compared with the MJ group, the broilers from the LJ group had lower proportions of C14:1, C15:0, C16:1 and C18:3n6 (P < 0.01) as well as total MUFA C18:ln9c, C20:1 and C18:3n3 (P < 0.05). Moreover, the contents of C15:0, C18:0 and the ratio of PUFA: SFA in HJ group were significantly lower (P < 0.05) than those in the MJ group. These results collectively suggested that both high and low temperature treatments influenced fatty acid deposition in breast muscle. At the genus level, Achromobacter, Amphibacillus, Brevundimonas, Pandoraea, Petrobacter, Stenotrophomonas and Variovorax were significantly enriched in MJ group and were positively correlated with the fatty acid deposition. We also observed that Achromobacter, Stenotrophomonas, Pandoraea, Brevundimonas and Variovorax were positively correlated with pathways involved in lipid metabolism.
Studies in human and animal models have shown that presence of some Lactobacillus species alters gut microbiota composition and reduce inflammation in the gut [41] [42] [43] [44] . In a recent study, Lactobacillus johnsonii mitigated the Clostridium perfringens-resulted impact on growth, lipid levels, fatty acid composition and nutritional quality in the broiler's meat 45 . In particular, the lactobacilli treatment improved the fatty acids profiling in broilers challenged with with Clostridium perfringens by increasing the contents of multiple fatty acids, namely C18:3n-3 (α-LA), C20:4n-6, C20:5n-3 (EPA), C22:4n-6, C22:5n-3, C22:6n-3 (DHA), total PUFA and n-3 PUFA and the PUFA: SFA ratio 45 . In our study, jejunal Lactobacillus abundance was increased by 26.98% (P = 0.029) and 36.77% (P = 0.004) in broilers of the HJ group compared with that of the MJ and LJ groups. Furthermore, jejunal Lactobacillus was positively correlated with the contents of C20:1, C14:0, C16:1, C18:2n6c, n-6 PUFA, C14:1, C18:3n6, C15:0 and C16:0 in breast muscle, corroborating the previous findings that probiotics supplementation improves fatty acids composition in the meat of broilers 46 . In the broilers of the LJ group, Pyramidobacter, Dialister, Bacteroides, Selenomonas and Akkermansia were enriched. Among those, Pyramidobacter, Dialister, Bacteroides, and Selenomonas were negatively correlated with the contents of C20:3n3, C20:3n6, n-3 PUFA, C14:1, C18:3n6, C20:2 and ratio of PUFA: SFA, whereas Akkermansia was positively correlated with the contents of C18:0 and C20:0. In mice fed with a high fat diet, oral administration of Akkermansia improved glucose tolerance and increased the numbers of goblet cells and adipose tissue-resident CD4 Foxp3 regulatory T cells 47 or boosted intestinal levels of endocannabinoids which can control inflammation, enhance the gut barrier, and induce gut peptide secretion 48 . In our study, the abundances of Akkermansia and Bacteroides were positively correlated with the signaling pathways related to immune system, glycan biosynthesis and metabolism and metabolism of cofactors and vitamins. Bacteroides manifests a high degree of host specificity that reflects the individual differences in the digestive system of the host animals 49 . Further study is needed to elucidate the underlying mechanisms of Akkermansia and Bacteroides that contribute to the improvement in the immune and health of broilers at low ambient temperature.
In summary, we analyzed the fatty acid composition of breast muscle in broilers reared under different ambient temperatures. Our analysis revealed that the content of all tested muscle fatty acids on broiler decreased in either HJ or LJ group when compared with MJ group, with the LJ group exhibiting an overall greater reduction. Next we analyzed the differences in the phylogenetic and functional metagenomic overall structure of broiler jejunum microbiota in all three groups. In comparison with the MJ group, the HJ and LJ groups exhibited many www.nature.com/scientificreports www.nature.com/scientificreports/ changes: the diversity of jejunum microbiota increased; the relative abundances of several bacteria related to intestinal homeostasis (especially Lactobacillus, Akkermansia or Bacteroides) altered; large numbers of biochemical pathways associated with environmental, cellular processes and metabolic balance were enriched. Furthermore, we investigated the association between changes in jejunal microbiota composition and fatty acids profiling in muscle at different tempratures. We found that most enriched genera in the jejunum of MJ-treated broilers were positively correlated with fatty acids deposition and lipid metabolism pathway, although many enriched genera in the LJ group have undesirable impact on fat acid deposition. Lactobacillus showed the strongest relevance to fatty acids deposition in the HJ group, whereas Akkermansia and Bacteroides were positively correlated with immune system pathways. However, our study is inadequate to draw a concrete conclusion on how the jejunal microbial community regulates fatty acid deposition and host health under different ambient temperatures. Nevertheless, this study provides an important insight to the possible role of jejunal microbes on the regulation of fatty acids deposition and the adaption to temperature changes.
Materials and Methods
Animal ethics statement. All experiments performed in this study were approved by the International Animal Care and Use Committee of the Yunnan Agricultural University (permission code: YAUACUC01; date of publication: 10 July 2013). The study complied with the guidelines of the institutional administrative committee and ethics committee of laboratory animals.
Experimental design and animal management. A total of 300 one-day-old chicks were purchased from a local supplier (Hunan Shuncheng Industrial Co., Ltd. Hunan, China). The birds were randomly divided into three groups, namely the high temperature group (HJ), medium temperature group (MJ), and low temperature group (LJ), respectively. The housing temperature was designed as a parallel, decremental process such that it started at 36.5 °C (HJ), 33.5 °C (MJ) or 30.5 °C (LJ) on the first day and was decreased by 0.5 °C or 0 °C per day until it reached a temperature of 22 °C, 19 °C or 16 °C on d42, respectively (Supplementary Table S1 ). Each group contained 100 birds. Except for the temperature difference, chickens in all three groups received same treatments (Supplementary Table S2 ). The broilers were reared in temperature-controlled house covered with rice husk litter (8 cm high), where they were offered with access to feed and water ad libitum. In addition, they were provided with the following light/dark cycles: 24/0 on d1, 23/1-18/6 during d2 to d8, 12/12 during d9 to d21, 18/6 during d22 to d35, and 18/6-23/1 during d36 to d42 (light period increased from 18 h on day 36 to 23 h on day 42); the light intensity was 30-60 lux for chickens with a weight < 160 g (about 1-8 d) and 5-10 lux for broilers with weight > 160 g (about 9-42 d). The relative humidity was 30-50% from d1 to d7, 40-60% from d8 to d21, and 50-70% from d22 to d42. The broilers were provided the access to feed and water ad libitum.
Sample collection. On day 42, twelve birds from each group were randomly selected and sacrificed by cervical dislocation. Jejunal chyme was removed, preserved in liquid nitrogen, and subsequently used for DNA extraction and PCR amplification, with the both sides of breast major muscle collected and stored at −20 °C for measurement of fatty acid content and composition.
Determination of fatty acid contents. Fatty acid content was determined according to the previous studies 50, 51 . Briefly, breast muscle samples were freeze-dried and ground for extraction and methylation of fatty acids, which was followed by fatty acid analysis using an HP6890 gas chromatograph equipped with a flame-ionization detector and a DB-23 capillary column (0.25 mm × 60 m × 0.25 μm; J&W Scientific, Folsom, CA). The following oven temperature program was used: 180 °C for 10 min, increased to 220 °C at 4 °C/min and held for 15 min, and increased to 250 °C at 3 °C/min. A 1-μL sample was injected with a split ratio of 1:20 at an inlet temperature of 250 °C. Helium was used as the carrier gas at a constant flow rate of 1.1 mL/min. Individual fatty acids were identified by comparison of their retention times with those in the standard mix of fatty acids (Supelco 37 component FAME mix). Contents of individual fatty acids (% of total fatty acids) were determined using a C19:0 internal standard from Sigma (USA).
DNA extraction and PCR amplification. Genomic DNA was extracted from jejunal samples using the QIAamp ® Fast DNA Stool Mini Kit (Qiagen, Cat No.19593) according to manufacturer's protocols. The DNA samples were used as the template for PCR. The V3-V4 region of the bacteria 16 S ribosomal RNA genes were amplified using the primers 341 F 5′-CCTACGGGRSGCAGCAG-3′ and 806 R 5′-GGACTACVVGGGTATCTAATC-3′ and the following cycles: a denaturing step at 95 °C for 3 min, followed by 30 cycles at 98 °C for 20 s, 58 °C for 15 s, and 72 °C for 20 s and a final extension at 72 °C for 5 min. PCR reactions were performed in 30 μL mixture containing 15 μL of 2 × KAPA Library Amplification ReadyMix, 1 μL of each primer solution (10 μM), and 50 ng of template DNA.
Illumina HiSeq PE250 sequencing. Amplicons were electrophoresed in 2% agarose gels, before they were extracted from the gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, U.S.) according to the manufacturer's instructions and quantified using Qubit ® 2.0 (Invitrogen, CA, U.S.).
Prepared library was sequenced on a HiSeq platform (Illumina, Inc., CA, USA) for paired-end reads of 250 bp, which were overlapping on their 3 ends for concatenation into longer contig. DNA extraction, library construction and sequencing were performed at Realbio Genomics Institute (Shanghai, China).
Processing of sequencing data. Tags, trimmed of barcodes and primers, were subjected to analysis of rest lengths and average base quality. 16S tags were restricted between 220 bp and 500 bp such that the average Phred score of bases was higher than 20 (Q20) and there were not more than 3 ambiguous N. The copy number of tags was enumerated and redundant tags were removed. Only the tags with frequency higher than 1 were clustered www.nature.com/scientificreports www.nature.com/scientificreports/ into operational Taxonomic Units OTUs, each of which had a representative tag 52 . OTUs were clustered with 97% similarity using UPARSE (http://drive5.com/uparse/) and chimeric sequences were identified and removed using Userach (version 7.0). Each representative tag was assigned to a taxon by RDP Classifier against the RDP database (http://rdp.cme.msu.edu/) using confidence threshold of 0.8 OTU profiling table. Alpha/beta diversity was analyzed by python scripts of Qiime. According to the abundance of OTUs, the total and unique OTUs in each sample or group are calculated. Venn diagram was used to determine the number of specific OTUs in each group 53 . According to the bacterial annotation, the relative abundance of sequences of each sample annotated to the taxonomic levels (Kingdom, Phylum, Class, Order, Family, Genus) was counted, and the OTU abundance table was obtained according to the number of sequences in each OUT 54, 55 . Alpha diversity of species diversity in each individual sample, including chao1 values, Good's Coverage values, Shannon indices, observed species indices, PD whole tree indices, and Simpson indices 56, 57 , were calculated using QIIME software based on the OTU results to generate the corresponding dilution curve 58 . QIIME software and iterative algorithm were used to calculate the difference between the OTUs classification abundance information 59 .
Statistical analysis. Experimental data including fatty acid and microbiota abundances were analyzed using the SPSS 22.0 software (IBM SPSS Statistics for Windows; NY: IBM Corp). Shapiro-Wilk test was applied to assess normality. After logarithmic transformation, only fatty acid and part of the phylum level microbial data (including Bacteroidetes, Actinobacteria, Fusobacteria) displayed normal distribution. The General linear model analysis with Duncan multiple comparison test were used for parametric data and Kruskal-Wallis ANOVA performed on ranks were used for the other phylun level microbiota and genus level microbiota. The fatty acid data are expressed as the mean± standard error of mean (SEM).For Firmicutes/Bacteroidetes ratios, calculations were performed for each group using the average relative abundance of the two phyla. Linear discriminant analysis (LDA) effect size (LEfSe) method was used to identify the most differentially abundant OTUs between the three groups 60 . Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) based on closed-reference operational taxonomic unit (OTU) was used to predict the abundance of functional categories the Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog (KO) 61, 62 .
To assess the correlation between dominant genus, KEGG pathways and fatty acids, we performed the Spearman's test in GraphPad Prism 7.0 63 . P < 0.05 was considered as statistical significance.
